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Abstract 

The concept of chirality is extended to the Minimal Supersymmetric Standard Model (MSSM) and the fi 
term is forbidden by a gauged U{\)' symmetry. R-parity automatically emerges after symmetry break- 
ing, suppressing proton decay and protecting the LSP. Exotics charged under the SM pose a challenge to 
traditional SU(5) unification, but unification is still implemented in deconstructed GUTs. Because of the 
multitude of additional states to the MSSM, the Z' has a large width, and the SM background, neglected in 
previous theoretical studies, becomes important for Z' discovery. As a result, the LHC reach is reduced from 
3.2 TeV, for a Z' with SM decays, to 1.5 TeV, when additional decay channels are included. This model also 
predicts possibly long-lived colored and electroweak exotics. 



1 Introduction 

The Minimal Supersymmetric Standard Model 
(MSSM) suffers from its own hierarchy prob- 
lem; naturalness sets the value of the supersymmet- 
ric mass term, fj,H u H,i, at the unification scale, while 
electroweak symmetry breaking associates /i with the 
vacuum expectation value (vev) of the Higgs, and de- 
mands it to be at the weak scale. 

In this note, a gauged U(l)' extension to the 
MSSM is proposed where the Higgsinos are chiral 
under the new gauge symmetry, and the /i term is 
forbidden by gauge invariancc. The fields necessary 
to cancel the mixed anomalies between the Standard 
Model gauge sector and the new £7(1)' form a 5 + 5 
preserving automatic gauge coupling unification, but 
the colored and the electroweak parts of the fiveplets 
have different charges under the U(l)', and a simple 
SU(5) embedding is impossible. A solution to the 
split GUT multiplet problem emerges from a decon- 
structed orbifold GUT, SU(5) x SU(3) x SU(2) x 
U(1)y, that is broken diagonally down to the SM 
gauge group. 

With U(l)' already forbidding baryon- and 



lepton-number-violating operators, our choice of SM 
singlets to cancel the U(l)' anomalies generates an 
accidental Z^ symmetry, none other than R-parity, 
that persists after symmetry breaking, and protects 
the Lightest Supersymmetric Particle (LSP). 

Finally, the LHC signatures of the Z' boson, 
the SM exotics, and the singlets are examined. The 
Z' mass reach and forward-backward asymmetry are 
studied in terms of the U(l)' coupling strength and 
the decay width, and a strong dependence of the 
reach on the width is found, that was previously ne- 
glected in the literature. With this choice of singlets, 
colored exotics are long-lived with a lifetime of 1-1000 
seconds, providing distinct signatures. 

2 The U(l)' Supersymmetric 
Standard Model 

Anomaly cancellation dictates the strategy for deter- 
mining the particle spectrum. Family universality 
is assumed to avoid flavor changing neutral currents 
through the new gauge boson interactions. U(l)' and 
U(l)y are taken to be orthogonal, and there is no 



kinetic mixing that translates to millicharged parti- 
cles at loop level [5] -The additional particles are ei- 
ther singlets or vector-like under the SM, insuring 
anomaly cancellation within the SM gauge group. 
U(\)' charges allow for Yukawa couplings to gener- 
ate SM fermion masses. The final requirement is, of 
course, simplicity. 

The fields chosen to cancel the mixed anomalies 
are a vector-like pair of down quark singlets, D' and 
D' c and a vector-like pair of lepton doublets, L' and 
L' c with U(iy charges: 



L', L' c 

D' D' C r 



-6. 



(1) 



These form a 5 + 5 of SU (5) and automatic gauge 
coupling unification is preserved. Like the U(l)^ of 
Eq Z' models, all the Standard Model fermions have 
the same charge which are normalized to unity 1 . 

Notice that with these charge assignments there 
are no additional couplings between these exotics and 
the Standard Model fermions. This forbids the D' 
and D' c from acting like color-triplet Higgs which 
would mediate disastrous proton decay, and the V 
and L'° cannot behave like additional Higgs doublets 
which could give rise to flavor violating effects [5]. 
This feature also differentiates this model from E§ 
embeddings [S]. 

The SM charges exclude dimension four and five 
baryon and lepton number violating operators: 



U C D C D C , LLE C , QD C L ~ +3 
QQQL, U C U C D C E C ~ +4 



(2) 



where Q, U c , D c , L, E c are the SSM chiral superfields 
for the Standard Model fermions. 

The Higgs bosons have charge -2, which forbid 
the /i term 



(3) 



The Higgsino mass must now be generated after U(l)' 
symmetry breaking and motivates looking for TeV- 
scale Z' . This charge assignment also forbids the final 
lepton number violating operator 



-1. 



(4) 



and kinetic mixing between L and Hd- 

The charge assignments are given in Tab. ^ It 
is straight-forward to verify that this field content 
cancels all the mixed anomalies and satisfies the or- 
thogonality condition between U(1)y and U(l)'. 
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Table 1: Charge assignments for the U(l)' SSM and 
the exotics. 
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Table 2: Charge assignments for the singlets. 



In order for the Higgsinos and the Standard 
Model exotics to acquire masses at the weak scale 
singlets need to be added so that their vevs give rise 
to TeV scale masses through renormalizable interac- 
tions 



X H N 4 H u H d + X L ,N 8 L'L' C + \ D ,N l2 D'D' 



(5) 



Finally singlets are added to cancel the C/(l)' 3 
and mixed gravitational [/(l)'anomalies. These sin- 
glets have to be chiral in order not to reintroduce 
the \x problem with mass terms in the superpotential. 
Several interactions between the scalars are needed to 
drive all the vevs at roughly the same scale; super- 



similar charge assignments are considered in 131131 . 
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symmetry breaking should trigger the U(l)' break- 
ing and any significant ratio between the vevs would 
either lead to fine-tuning of the Higgs potential or 
having too light exotics. This is easy to arrange if 
there are many Yukawa couplings between the dif- 
ferent fields. In Tab. [21 a choice for these singlets 
is presented that satisfies the requisite features and 
has no flat directions in the superpotential insuring 
stability after symmetry breaking. It should be em- 
phasized that this is a choice of singlets that works 
well for phenomenology and most aspects of the phe- 
nomenology follow through. 

The superpotential is given by 

W = k h N 4 S 2 _ 2 + k d N 12 S 2 _ 6 + k l N s S- 6 S-2 
+hS- 6 Sl + yS 3 LL' c (6) 

The last term gives rise to small lepton flavor violat- 
ing effects the consequences of which are discussed 
in Sec. 14.21 The color exotics can not decay until 
dimension 5 operators: 

N S S 3 D C D', S 4 U C D C D' C , S 4 QLD C . (7) 

This results in a lifetime of 10 seconds and the limits 
are discussed in Sec. 14.11 The latter two operators vi- 
olate baryon number and lepton number respectively 
and lead to dimension 6 proton decay. 

2.1 Symmetry Breaking 

As advertized, the [i term is generated with symmetry 
breaking: 

M = A H (iV4), (8) 

in addition to the term, B^huhd, '■ 

Bfj, = \hk h (S-2) 2 , (9) 

and they are both automatically at the right scale, 
since the U(l)' symmetry breaking is associated with 
SUSY breaking. As a result, the Higgs phenomenol- 
ogy is expected to be similar to the NMSSM one. At 
the same time, all the singlets and exotics get masses 
at the 100 - 1000 GeV range, when iV 4 , N s , N 12 
and S-6 get vevs. This is insured by the Yukawa 
couplings, the potential and the A terms; D terms 
contribute to the negative mass terms, while A terms 
and F terms, because of the Yukawa couplings, pro- 
vide linear in the fields terms that drive the vevs away 
from zero. 



The value of the Higgs quartic is increased from 
a small contribution from the F-terms, because of the 
N 4 H u Hd term of the superpotential. 

A = ^±M C os 2 (2/3) + ^sin 2 (2/?), (10) 

increasing slightly the Higgs mass and reducing the 
MSSM fine-tuning |7j. 

Due to an accidental Z3 symmetry of the renor- 
malizable superpotential, there are domain walls cre- 
ated with symmetry breaking. But the Z3 symme- 
try is violated by GUT-scale-suppressed dimension- 
five operators, resulting in a pressure difference of 

M 5 , 

~ , f Lr(1) between the different vacua that is enough 
to push the domain walls outside our horizon long 
before BBN 0. 

R- parity 

In addition to all lepton and baryon number violating 
operators being forbidden by gauge invariance, there 
is an accidental Z 2 symmetry in the superpotential 
(Tab. HandEJ); this is nothing else but R-parity, the 
Lightest Supersymmetric Particle (LSP) is stable and 
there is still a viable Dark Matter (DM) candidate. 
The neutralino sector is extended by the singlets of 
charge +1, without affecting the nature of the MSSM 
bino LSP, because of precision electroweak and cos- 
mological constraints (Sec. 14.11 and 14.20 . 

R-parity is preserved provided that S3 does not 
acquire a vev. This is improbable since £3 is a point 
of increased symmetry with just one Yukawa coupling 
and another approximate Z 2 symmetry with S3, L' 
and L' c having -1 charge under it. This symmetry 
is broken at the non-renormalizable level, rendering 
the scalar part of S3 long-lived, with a lifetime con- 
strained by BBN to be less than 1 second (Sec. 14.10 . 

3 Preserving Gauge Coupling 
Unification 

From the requirement of simplicity alone we find 
adding a 5 © 5 cancels all mixed anomalies, and the 
SM couplings still unify at the GUT scale. But, what 
is the group they unify to? D' and L' c as well as 
D'° and L' form a 5 and a 5, respectively, but these 
fiveplets do not have universal t/(l)'charges, and an 
SU(5) embedding does not commute with U(l)'. We 
could assume that D', D' c , L' and L' c come from 
four different fundamentals and anti-fundamentals of 
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SU(5), but doublet-triplet splitting is not possible 
without breaking U(l)' at the GUT scale or having 
additional split multiplets . The above particle spec- 
trum is not consistent with an Eq embedding [S] ei- 
ther, which, besides a very different particle spectrum 
that includes right-handed neutrinos - not a neces- 
sity in this model-, predicts again universal charges 
for the fiveplets. In fact, any G x U(l)' embedding 
is excluded, because it is impossible to produce split 
GUT multiplets without breaking [7(1)' at the GUT 
scale. 

An answer to the question of unification is found 
in SU(5) x SU(3) x SU{2) x U(1) Y x U(l)', a group in- 
spired by orbifold deconstruction This group 
is broken diagonally down to SU (3) x SU(2) x U (l)y 
with the high scale SM couplings given by: 



<Jt 



9l 



Hi, 



(11) 



If SU(3) x SU{2) x U(1) Y is strong at the symmetry 
breaking scale, then the above relations translate to: 



9i ~ 95GUT 



i=l, 2, 3 



(12) 



and the SM gauge dynamics are determined by one 
coupling. This condition also insures that the hy- 
percharge normalization does not change, another 
condition for SSM unification. Quarks and leptons 
are the usual 10 © 5 of SU(5)gut, while the Higgs 
doublets and the exotics are doublets and triplets of 
SU(3) x SU(2) x U(1) Y . 

Yukawa couplings and the renormalizable low- 
energy couplings involving quarks, leptons and 
the exotics appear at the GUT scale as non- 
rcnormalizable operators. For example, the Yukawas 
are generated from: 



10 10 Si H u , 10 5 S 2 H d 

- and 



M 



(13) 



where Si, a (5,1,2,-^,0), and S 2 , a 
(5, 1, 2, i, 0), get vevs with symmetry breaking. 

4 Experimental Limits 

4.1 Cosmological Limits 

The first bounds come from cosmology; this model 
generically has long lived states, possibly charged. 
Depending on their lifetime, their decay affects the 
primordial abundance of light elements during BBN 



|llj . discrupts the cosmic microwave background, 
or contributes to the diffuse gamma ray spectrum 
|12l 113) . If their lifetime is larger than the age of 
the universe and they are charged, they form heavy 
elements ^] ^3- With this choice of singlets, the 
fermion colored exotics are long-lived and they de- 
cay through the same operators that mediate proton 
decay to a quark and a squark: 



D' 



1 (Sj) 2 
16-7T Mq UT 

(1000 sec) -1 



(Si 



100 GeV 



Y mD ' V(14) 
V 100 GeV / V ' 



If the fermion D 1 is lighter than the squark, these 
exotics are excluded from heavy element searches. 
The decay of D' relics affects the 3 He abundance, 
but they annihilate significantly through the strong 
interactions without placing any constraints on the 
relevant mass scales. 

As already discussed, there is an approximate 
Z<i symmetry involving the singlets with negative R- 
charge and the lepton-like exotics. This symmetry 
is broken by dimension five operators and there is 
another long-lived state with the fermion 5*3 and L' as 
candidates. If S3 is lighter than L' , it decays through 
a dimension five operator S-2S^LH U : 



r 



S 3 



(lOOOsec) 



(S-2) 

100 GeV 



100 GeV 



(15) 



If the Z' boson mass and the g' coupling saturate pre- 
cision electroweak constraints in the relic abundance 
calculation, e Li sets the upper limit on the lifetime. 
Assuming all decay products are hadronic, this value 
is ~ 1 sec and the corresponding bound on y(S-2) 
and m S3 about 500 - 1000 GeV. 

If L' is lighter than S3, it decays through a di- 
mension seven operator S4S-2L' ' LE or S4 L S-2L'QD C : 



(Si? (S.2 
IU GUT 



(10 6 



sec- 



It is the neutral L' that is long-lived, since elec- 
troweak symmetry breaking produces a splitting of 
~ 200 — 350 MeV between the charged and the neu- 
tral component of the doublet with the charged com- 
ponent being heavier [TB|. This is excluded from di- 
rect DM searches, because neutral Dirac fermions 
have vector couplings to the Z boson and they scatter 
coherently with the nuclei of the detector material, 
resulting in a large interaction cross-section^j . 
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4.2 Particle Physics Limits 

Precision electroweak data put further limits on the 
vev of the fields giving mass to the Z 1 boson \F3\ : 



QhQ 



SM 



< (9.2 TeV) 2 



(16) 



for a Higgs mass of 115 GeV. This translates to a 
lower bound of 



(JVu) > 1.1 TeV. 



(17) 



If the gauge coupling for the U(l)' is strongly coupled 
at the GUT scale, then this corresponds to a 650 GeV 
limit on the mass of the Z'. 

There is an additional source of lepton flavor vi- 
olation in this mode from the couplings of Standard 
Model leptons to the lepton exotics: 



(18) 



This leads to a contribution to fi — > ej, and the cor- 
responding branching fraction is: 



M A G 2 F 



„ , o/lOO GeV\4 



where M is the scale associated with the mass of S3 
and V . If we assume minimal flavor violation for the 
couplings, yi ~ JysMii then the current experimen- 
tal bound is a branching fraction of 10 -12 j20j, which 
translates to a limit: 



M > 1 TeV. 



(20) 



The colored and electroweak exotics have no 
Yukawa couplings to the Higgs and no mixing with 
SM particles at the renormalizable level, since 53 does 
not get a vev. There is mixing between L' and H u , 
as well as L' c and Hd, through dimension five oper- 
ators, but it is suppressed by Mqjjt- The bound on 
the masses thus comes from direct searches alone and 
should be set at around 200 GeV for D' and 100 GeV 
for V , a number extracted from other searches for 
electroweak doublets and color triplets |20| . 

5 LHC Signatures 
5.1 71 Physics 

Adding a gauged U(l)' symmetry to the SM has been 
studied extensively for both the Tevatron and the 



LHC, especially in the framework of E$ inspired mod- 
els. The main discovery channel is the detection of a 
resonance in the invariant mass distribution of events 
with two leptons of the same flavor in the final state. 
There are more channels available for quarks in the 
final state, but the signal is obscured by QCD back- 
ground. The Z' reach of a collider depends on both 
the value of the Z' coupling and the SM charges, as 
well as the width of the resonance. The importance 
of the latter has been ignored in the literature by 
assuming that the Z' decays only to SM particles. 
But the requirement of weak scale SUSY alone intro- 
duces new states to which the Z' decays, increasing 
its width. This results in a broader Z' resonance 
which means increased background and reduced Z' 
production cross-section at the same time. The width 
of the Z' in terms of the couplings and the charges of 
the states it decays to is, assuming these states are 
massless: 



g 2 M z > , ^ 2 

= -2^-( E 



\ E a 



2 . _ g 2 M z , 



24tt 



P 



(3 becomes proportional to the /3-function of the g 
coupling when all states that are charged under the Z' 
are available for decay. In that case, if U (1)' does not 
become strong until the GUT scale, g at low energies 
is proportional to -4^; a small coupling is related to 
a large width. 

The signal to background ratio is: 



S(ignal) rv7 consti , . 

-consti^ = (21) 



B(ackground) 



IV (3 2 



and the luminosity necessary to establish 5a discov- 
ery is: 



25(a B + a s ) + P) 



ft 



(22) 



When the width is small, just as in the case of a 
Z' with SM decays, L becomes proportional to the 
width: 



L 



(23) 



while in the case where the Z' has a many decay 
channels: 



L 



(24) 
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Figure 1: The LHC projected Z' mass reach for 
4 fb" 1 and 100 fb _1 for a Z' with SM decays and 
MSSM+exotic decays as a function of the coupling. 
The red area is the currently excluded by precision 
electroweak region. 



which makes clear that the decays of the Z' to non 
SM states greatly affect the discovery reach. This 
is also seen in Fig. ^ where we present the LHC 
reach for 4 and 100 fb~ of integrated luminosity 
as a function of the coupling strength for a Z' with 
just SM decays and a Z 1 that decays to all MSSM 
and fermion singlet states. This is equivalent to a 
width to mass ratio of about 2.3%, an order of mag- 
nitude larger from that in the case of just SM decays 
(jY ~ 0.17%). The cross-sections are evaluated with 
CalcHEP |23 and we have set a 20 GeV cut in the 
transverse momentum. The detection limit at the 
LHC for a Z' with additional to the SM decay chan- 
nels is reduced to 1.5 TeV, compared to ~ 3.25 TeV 
for one with SM decays, for an integrated luminosity 
of 100 fb -1 , see also Table Furthermore, in Fig. 
13 we present total dilepton production cross-section 
at the LHC with and without the Z' for two differ- 
ent values of the coupling, as a simple verification of 
the previous equations. The total cross-section goes 
down by a factor of 4, the square of the ratio of the 
couplings, while the signal to background ratio does 
not change. 

After discovery, the next step is determining the 
Z' couplings. The first information about the value of 
g'QsM and exotic states is contained in the resonant 
production cross-section and the width, which may 
be the only evidence we acquire for particle states be- 
yond the MSSM. In TableQJ we present the measured 
values when the Z' mass is 1 TeV. The integrated lu- 
minosity at the LHC is 100 fb -1 . Events have been 



Model 


Width/Mass 


Reach (GeV) 


Just SM decays 


0.17% 


3200 


In this paper 


2.3% 


1500 



Table 3: LHC Z' mass reach for two different cases 
of f7(l)^ at 100 fb -1 . 
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Figure 2: The production cross-section of e + e~ at 
the LHC in a 2r window around the Z' resonance as a 
function of the Z' mass. The full line is for g'QsM = 
0.05, the perturbativity bound, while the dashed line 
is the corresponding background. Similarly, the dot- 
dashed and the dashed lines are production cross- 
sections with and without the Z', respectively, for 

g'QsM = 0.025. 



generated using the Harvard blackbox 22 , which in- 
tegrates Pythia [231 an d PGSJ2IJ, while providing a 
simple data manipulation mathematica program, the 
Chameleon. The determination of the cross-sections 
has been performed by simple event counting in a 3T 
window around the resonance, while the mass and 
the width have been determined by fitting the peak 
as a Breit-Wigner resonance. The background has 
been subtracted by generating dilepton events that 
do not include the Z' . For a 1 TeV Z' with 100 ftT 1 
of events at the LHC the mass is determined with an 
accuracy better than 1%, while for the other param- 
eters the corresponding error is 10 — 30%, when the 
discovery luminosity for a 1 TeV Z' is just a factor 
of four smaller, ~ 25 fb -1 . In the cross-section and 
the ratio error estimate we have included an 



additional 10% error to account for systematics, e.g. 
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Figure 3: The invariant mass distribution of both 
e + e~ and ^ ji~ around the Z f resonance. The mass 
of the Z f is set at 1000 GeV and the width at 23 GeV. 



Parameter 


Exp. Value 


Mod. Value 


Mass 


992.4 ±2.3 GeV 


1000 GeV 


Width 


29 ± 7 GeV 


23 GeV 


pp — ► e^e 


2.04 ±0.25 fb 


2.33 fb 


pp — > 


2.00 ±0.25 fb 


2.33 fb 


cr j_ _ 


0.98 ±0.17 


1 



Table 4: Determination of Z' mass, width, and cross- 
section to leptons at 100 fb~ 1 .We have estimated 
from the generated data the electron efficiency to be 
95% and the muon efficiency 97%. 



luminosity, parton distribution functions (PDFs) and 
detector efficiency uncertainties. 

Forward-Backward Asymmetry 

The observable, though, that helps reveal the axial 
character of the symmetry is the forward-backward 
asymmetry of the two leptons produced through the 
photon, the Z, and the Z'\ 



A FB = 



Jq a{x)dx — J_ : o(x)dx 
J a(x)dx + cr(x)dx 



(25) 



where x = cos 8* , and 6* is the angle between the lep- 
ton and the quark in the lepton-pair center-of-mass 
frame. This measurement is possible even in a pp col- 
lider because the information of the quark's direction 
is preserved for leptons produced in the forward direc- 



Figure 4: The forward-backward asymmetry of 
through the Z' at the LHC for two a vector 
and an axial symmetry as a function of the invari- 
ant mass. The bin size is 33.3 GeV and there is a 
transverse momentum cut of 20 GeV. 



tion (I77I > 0.6) 25J in the boost necessary to go to the 
center of mass of the dileptons. Interference between 
the SM gauge bosons is also essential for this effect, 
as U(l)' has no vector couplings and has to interfere 
with the vector couplings of SM gauge bosons, unlike 
the SM Z, which has both axial and vector couplings. 
Fig. ^presents the expected forward-backward asym- 
metry for our axial U(l) in comparison with a vector 
U(l) with exactly the same interaction strength for 
a Z' of 1 TeV mass at 100 fb" 1 at the LHC. Going 
through the Z' resonance, a few a deviation from the 
SM value and just a 2-3 a difference from the cor- 
responding values of the axial U(l) are found. Both 
these statistical deviations are affected by the U(l) 
coupling strength and the width of the Z' . The value 
of the on-peak FB asymmetry is, in terms of g and 
/?: 



Afb = const2 



(g 2 + consts)/? 2 

const 1 ' 



(26) 



while the corresponding error is: 



AA FB = 



1 
1 



(1-A 2 FB ) 

((J S +<Jb) 

(1-A 2 fb ) 



-) 



(27) 



The asymptotic value of the standard deviations 
away from the SM value for a given luminosity is, in 
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the limit of large f3 and small g: 



Production cross-section for fermion D' 



|A FB Afb-SM 



-VL^IconsW^-^^l (28) 

VP 

This p dependence translates to a decreasing devi- 
ation from the SM value with increasing width. f3 
is related to the running of g, a small g follows a 
large width, and, since g is small compared to SM 
couplings, the second term is important. 

In the example presented in Fig. ^ a luminos- 
ity of 100 fb _1 is a factor of four larger than the 
luminosity necessary for discovery of the Z', and this 
translates to 2-3cr deviation from the SM value for the 
FB asymmetry when discovery is established. As a 
result, the effects of the Z' resonance in combination 
with the excess of events in the invariant mass dis- 
tribution help establish discovery with fewer events, 
increasing the LHC mass reach. 

Increasing Sparticle Reach 

The Z' boson is a distinctive signature on its own, 
but it is also a new channel of beyond the SM particle 
production. It increases the total production cross- 
section for a given MSSM state, and, being heavy, 
results in events with higher transverse momentum. 
For the case of left-handed sleptons, we examine at 
the transverse mass, Mr, distribution of events that 
have two leptons of the same flavor and missing en- 
ergy in the final state, where Mt is defined as: 

M| = (if + If + missing if) 2 (29) 

CompHEP [13 and the CompHEP-PYTHIA interface 
[77| are used to generate the events. We set a 125 
GeV missing energy cut on the events along with 
a 40 GeV veto on jets, and a 50 GeV pr cut. A 
cut in the azimuthal angle between the two leptons, 
A0 e + e - < 160°, is imposed, and the diboson and ti 
SM backgrounds are included. The analysis is per- 
formed for a 1 TeV Z' with a coupling that saturates 
the perturbativity bound. In the case where the Z' 
can decay to all MSSM and fermion singlet states 
we find no significant increase in the reach. When 
only MSSM states are available for decay, the reach 
is increased by ~ 10% compared to the left-handed 
slepton reach in the MSSM [2H|, which in terms of 
numbers is 450 GeV at 100 fb _1 , or in other words 
a 30% decrease in the luminosity necessary to estab- 
lish 5a discovery in the absence of a Z'. The reach 
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Figure 5: The production cross-section of D' 
fermions at the LHC as a function of their mass 



also depends on possible decay modes of the sleptons. 
Here, the sleptons are assumed to decay only to the 
LSP of 100 GeV mass. If this mass is increased or 
there are other neutralino or chargino states below 
the slepton mass the reach is reduced. 

5.2 The exotics 

The exotics complement the Z' discovery. 

Colored Exotics 

In the absence of a singlet with charge +5, colored ex- 
otics have a lifetime of 1 to 1000 seconds. The scalar 
colored exotics are typically heavier, since their soft 
mass terms add to the mass from the U(l)' symme- 
try breaking. They decay to the exotic fermion state 
and either a bino, gluino or Z'-ino, depending on the 
amount of phase space available for the decay. The 
subsequent cascade decays provide a detectable sig- 
nal. 

It is the fermions of this supermultiplet that pro- 
vide striking signatures. They hadronize shortly af- 
ter they are produced to an isodoublet R-hadron. 
As they travel through the detector, the ones with 
f > 5 leave stiff tracks and timing measurements in 
the muon chamber give a mass reach of 1.3 TeV |30| . 

When the slow ones, - < i, enter the dense 

' c 3 ' 

material of the calorimeter, strong interactions make 
the R-hadron oscillate between charged and neu- 
tral states. While they are charged, electromagnetic 
losses slow them down and stop them. After stopping 
they wait inside the calorimeter until they decay, giv- 
ing striking signatures much like long-lived gluinos in 
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split supersymmetry |29| . These decays are uncorre- 
lated with any activity in the detector and in partic- 
ular they appear as events with large missing energy 
with no tracks pointing to the interaction region. 

Measuring the lifetime of these exotics gives us 
much less information than the long-lived gluinos of 
split SUSY since they decay through GUT-supressed 
dimension 5 operators. 

In addition, there are monojets associated with 
the production of these long-lived states, giving a 
reach of 1.1 TeV at the LHC for 100 fb" 1 [3T] 

Electroweak Exotics 

On the other hand, the lepton-like exotics are out of 
reach; BBN constraints set the mass of 5*3 larger than 
500-1000 GeV, while direct searches require excluded 
stable neutral L' states, and they have to decay at 
the renormalizable level to a singlet and a lepton. 
At masses larger than 500 GeV there are very few 
production events, insufficient to give a signal above 
the SM background. 

With other charge assignments and masses these 
state may have short lifetimes or even be quasi-stable 
like the colored exotics are. Their stopping is roughly 
similar to a f NLSP and their stopping was consid- 
ered in j22 • 

5.3 Singlets 

Finally, there are the exotics that are singlets under 
the SM. The fermion part of the lightest singlet with 
-1 R-charge is quasi-stable and decays outside the 
detector. The rest of the fermion states will cascade 
decay down to the lightest. The scalar part is heavier 
and will decay to a neutralino and the corresponding 
fermion state. The fermion component of the singlets 
with +1 R-charge extend the neutralino sector and 
once produced, they cascade decay down to the LSP. 
The scalar part again decays to a neutralino and the 
corresponding fermion singlet. These cascade decays 
result in similar to the MSSM multi-jet and multi- 
lepton signatures, so the search strategy is similar 
to the one for ncutralinos, but it is impossible for 
the LHC to decipher the full structure of the singlet 
sector. 

6 Conclusion 

Protecting the \i term with a gauged U(l)' symmetry 
naturally gives rise to R-parity, that insures proton 



stability and a viable Dark Matter candidate. This 
is an old idea; Weinberg first pointed out that the 
MSSM problems with proton stability can be solved 
by adding a gauged U(l) and a multitude of pa- 
pers inspired by E§ models followed reference 0. De- 
spite similarities to J7(l)^ of E 6 , our 11(1)' distances 
itself from the wide class of Eq models with differ- 
ent charge assignments for the exotics and the sin- 
glets. These assignments automatically forbid dan- 
gerous couplings to SM particles that mediate proton 
decay and flavor violation without the need of addi- 
tional symmetries, unlike the case of Eq embeddings. 
The exotics 's charge assignments also create an un- 
solvable doublet-triplet splitting problem for usual 
unification, but the latter can still be preserved in 
a deconstructed GUT group embedding. 

A particle spectrum similar to the one presented 
here is found in and @|. In [3], though, the elec- 
troweak exotics have the same quantum numbers as 
the Higgs doublets, while in 0] the potential of the 
singlets is not fully explored, there are singlets that 
are vector-like under U(l)', and an R-parity is im- 
posed. 

The additional states to the MSSM further af- 
fect the phenomenology of the model through the Z' 
width. The mass reach for the Z' is decreased as the 
branching fraction to non-SM states increases; the lu- 
minosity necessary for discovery varies as T 3 for large 
£j , a stronger dependence than that in the case of a 
narrow resonance, where the background is negligi- 
ble, and L dlscovcry - T. The LHC reach from 3.2 TeV 
for a Z' with SM decays drops to 1.5 TeV, when ad- 
ditional decay channels are considered. These states 
also determine the accuracy at which the different Z' 
observables, such as the forward-backward asymme- 
try, can be measured. 

The Z' itself provides an additional channel for 
sparticle production and can improve the LHC reach 
providing events with higher transverse momentum, 
away from the SM background. The picture is com- 
pleted by the singlets and the exotics; even though 
the full structure of the singlet sector cannot be re- 
solved, there are colored and electroweak exotics that 
are possibly long-lived, and make this model an ex- 
citing prospect for the LHC. 
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